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ABSTRACT
The radio millisecond pulsar PSR J1023+0038 exhibits complex timing and eclipse behavior. Here
we analyze four years’ worth of radio monitoring observations of this object. We obtain a long-term
timing solution, albeit with large residual timing errors as a result of apparent orbital period variations.
We also observe variable eclipses when the companion passes near our line of sight, excess dispersion
measure near the eclipses and at random orbital phases, and short-term disappearances of signal at
random orbital phases. We interpret the eclipses as possibly due to material in the companion’s
magnetosphere supported by magnetic pressure, and the orbital period variations as possibly due
to a gravitational quadrupole coupling mechanism. Both of these mechanisms would be the result
of magnetic activity in the companion, in conflict with evolutionary models that predict it should
be fully convective and hence non-magnetic. We also use our timing data to test for orbital and
rotational modulation of the system’s γ-ray emission, finding no evidence for orbital modulation and
3.7σ evidence for modulation at the pulsar period. The energetics of the system make it plausible that
the γ-ray emission we observe is entirely from the millisecond pulsar itself, but it seems unlikely for
these γ-rays to provide the irradiation of the companion, which we attribute instead to X-ray heating
from a shock powered by a particle wind.
1. INTRODUCTION
The eclipsing millisecond radio pulsar PSR
J1023+00386 (hereafter J1023) has a nearly unique
history: it likely had an accretion disc for approxi-
mately one year circa 2001 (Archibald et al. 2009). In
2007 it was discovered as a radio pulsar with a spin
period of 1.7 ms and an orbital period of 4.8 hours,
making it a transition object between low-mass X-ray
binaries (LMXBs) and millisecond pulsars (MSPs). Its
companion has a mass of 0.2 M and appears to be
a G star, mildly irradiated by the pulsar. Based on
radio observations, Archibald et al. (2009) also reported
eclipses, dispersion measure (DM) variations, and orbital
period variations, but the short span of observations
then available prevented an accurate description.
More than thirty eclipsing MSPs are now known, in-
cluding at least 13 in the Galactic field (Roberts 2011).
Fruchter et al. (1988) discovered the first of the “black
widow” systems, PSR B1957+20, in which the MSP ap-
pears to be ablating a low-mass degenerate companion.
A second class has recently emerged, of which J1023 is
the holotype, the “redbacks” (Roberts 2011), comprising
several recently discovered systems in the Galactic field
and several previously known systems in globular clus-
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ters. The redbacks have non-degenerate, main-sequence-
like, companions that are more massive than those of
the black widows. Both types of system exhibit orbital
period variations (e.g. Doroshenko et al. 2001) and var-
ious types of radio phenomenology. In many cases it is
clear that the companion’s Roche lobe never crosses the
line of sight, so that the eclipses must be due to ionized
material that is not gravitationally bound (e.g. Stappers
et al. 2001). In light of J1023’s history, the loose material
in the redbacks may be related to their transition from
LMXBs to radio MSPs.
The link between radio MSPs and LMXBs has re-
cently been strengthened by observations by Papitto
et al. (2013a) of the radio MSP PSR J1824−2452I in the
globular cluster M28. Radio timing observations of this
MSP are consistent with it having a main-sequence com-
panion, perhaps qualifying it as a redback. The LMXB
IGR J18245−2452 was recently observed to exhibit co-
herent X-ray pulsations matching the ephemeris of the
radio MSP. The identification of these two sources shows
that an object can swing back and forth between a radio
MSP and a LMXB. In fact, it appears that the transi-
tion from LMXB to MSP can happen in no more than a
few weeks (Papitto et al. 2013b). This object promises
to provide invaluable insights into the transition process,
but it is much more distant and consequently fainter than
J1023, so our own observations should complement ob-
servations of this new system.
In its radio pulsar state, J1023 has been the target
of intensive multi-wavelength studies. Archibald et al.
(2010) and Bogdanov et al. (2011) found that it exhibits
variable X-ray emission apparently modulated at both
rotational and orbital periods. Tam et al. (2010) noted
that J1023 is associated with a γ-ray source, and indeed
a source at the position of J1023 appears in the second
Fermi catalog (2FGL; Nolan et al. 2012). Wang et al.
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(2013) searched for evidence in the infrared of a circum-
stellar dust cloud due to ejected disk material, but found
none. Deller et al. (2012) carried out a very-long-baseline
radio interferometry campaign to measure the position,
proper motion, and parallax of J1023, measuring its dis-
tance to be 1368+42−39 pc and estimating the pulsar mass
as 1.71± 0.16 M.
In this paper we use several years of radio timing obser-
vations to describe the pulsar’s longer-term behavior. In
Section 2 we summarize the observation systems and ca-
dence; in Section 3 we discuss long-term timing solutions
for J1023; in Section 4 we describe the eclipses and other
phenomena; in Section 5 we look at the γ-ray behavior in
light of our timing solution; and in Section 6 we discuss
the implications our observations have for understanding
the system.
2. OBSERVATIONS
We have carried out radio timing observations of J1023
spanning four years with four different observing sys-
tems, described below. The observations are summarized
in Figure 1.
Observations at the Arecibo Observatory in Puerto
Rico were carried out with the 300-m William E. Gordon
radio telescope. We used the L-band wide receiver, which
makes available four independent 100-MHz intermediate-
frequency channels (IFs). We fed one of these IFs into
the ASP coherent dedispersion backend (Demorest 2007;
Ferdman 2008), producing online-folded data in PSR-
FITS format spanning 1384 to 1430 MHz. We fed the
other three IFs into three WAPPs (Dowd et al. 2000),
which produced search-mode7 data in a custom format
covering 1120 to 1220 MHz, 1320 to 1420 MHz, and 1520
to 1620 MHz. When possible, we validated observations
of J1023 by accompanying them with observations of
PSR J1022+1001, a nearby pulsar with a 10-ms period
that rises before and sets after J10238. For the ASP data,
we also took calibration observations with a gated noise
diode. Our program consisted of an observation approx-
imately every three weeks, lasting about an hour. This
program stopped in early 2010, when the telescope was
shut down for repairs, and did not resume thereafter.
Observations with the Westerbork Synthesis Radio
Telescope (WSRT) in the Netherlands used the tele-
scope’s tied-array mode, which combines (up to) all 14
dishes of the array in phase to provide the equivalent col-
lecting area of a 94-m single dish. The observations were
acquired in one of three bands centered at 150, 350, and
1380 MHz, with respective total recorded bandwidths of
20, 80, and 160 MHz. The WSRT observations were typ-
ically half an hour to a few hours in length. Baseband
data were recorded and subsequently coherently dedis-
persed and folded offline using the PuMaII pulsar back-
end (Karuppusamy et al. 2008).
Observations at the Jodrell Bank Observatory in the
United Kingdom used a dual-polarization cryogenic re-
ceiver on the 76-m Lovell telescope, having a system
equivalent flux density of 25 Jy on cold sky. Data in
7 Where possible we obtained data in search mode in order to re-
tain information about short-timescale events like the brief outages
described in Section 4.3.
8 J1023 is at the extreme southern limit of the declination range
accessible from Arecibo, so it can be observed for no more than
about an hour per day.
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Fig. 1.— Our radio observations of J1023, showing the range of
orbital phases covered and the date. The top panel shows 1400-
MHz observations, middle panel shows 350-MHz observations, and
bottom panel shows 150-MHz observations. Colors and markers
indicate observatory, with red crosses denoting Arecibo, green stars
denoting Jodrell Bank, black squares denoting Green Bank, and
blue triangles denoting Westerbork. Observations longer than a
full orbit are marked here as top-to-bottom bars.
the range 1350 MHz to 1700 MHz were processed by a
digital filterbank for a bandwidth of 112 MHz producing
0.5-MHz channels up until August 2009; subsequently a
bandwidth of about 300 MHz with 0.25-MHz channels
was produced. The data were incoherently dedispersed
and folded online. Most observations were half an hour
long but a few were longer, and in particular one long
observation on MJD 54906 was simultaneous with a long
WSRT 350-MHz observation.
Observations with the 110-m Robert C. Byrd telescope
at Green Bank were carried out with the GUPPI pulsar
instrument (Ransom et al. 2009) in two different modes.
For our long observations, we recorded 1100 to 1900 MHz
in incoherent dedispersion mode with online folding, pro-
ducing files in PSRFITS format. Each observation began
and ended with a calibration scan using a gated noise
diode, though three of the four calibration scans proved
unusable. In this configuration we carried out two-full-
orbit observations on 2009 May 10 and 2009 May 14. We
also carried out a number of short-term low-frequency
observations, recording data covering 300 to 400 MHz
in incoherently dedispersed search mode and producing
data in PSRFITS format (Hotan et al. 2004).
3. LONG-TERM TIMING SOLUTIONS
A key aspect of the current work was maintaining a
long-term timing solution for J1023 (for example in sup-
port of Deller et al. 2012). In light of the complexities
we will discuss in Section 4 and below, frequent obser-
vations were essential. Early on, the regular 1400-MHz
monitoring with the Arecibo telescope provided the key
timing observations, while later the Jodrell Bank 1400-
MHz observations, at some times almost daily, provided
essential timing information. Even with this large col-
lection of observations, obtaining an adequate model for
the rotation of J1023 was difficult.
Many observations were obtained in online folding
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Fig. 2.— Radio pulse profiles of J1023. Top: 1400-MHz pro-
file obtained with coherent dedispersion using the ASP at Arecibo.
Bottom: 350-MHz profile obtained with coherent dedispersion us-
ing the WSRT. The vertical scale is flux density, scaled arbitrarily
for each profile. The profiles are arranged horizontally to approxi-
mately align both major peaks.
mode, based on our then-best estimate of the pulsar’s
ephemeris. Others were taken in search mode (power
measurements in each frequency channel every few tens
of microseconds). We folded the search-mode data with
preliminary versions of our long-term ephemeris, then
refolded when the ephemeris was improved significantly.
The result of this latter process was a folded pulsar obser-
vation consisting of one profile per subintegration (30 s
to several minutes) per frequency channel.
For each combination of instrument and frequency
band, we selected an observation in which the folded
pulse had a good signal-to-noise ratio and negligible
phase drift or DM variation. We then averaged these
observations down to a single polarization, a single fre-
quency channel, and a single time integration to pro-
duce a high signal-to-noise ratio template (like those
in Figure 2). We then used this template and either
the PSRCHIVE (Hotan et al. 2004) tool pat or the
PRESTO (Ransom 2001) tool get toas.py to produce
pulse time-of-arrival measurements (TOAs) by cross-
correlation. For some observations we produced two sets
of TOAs, one set based on averaging across the whole ob-
serving band and the second based on averaging across
a modest number of subbands. The former process pro-
duced TOAs with lower uncertainties and in a more mod-
est number, while the latter process permitted testing for
DM variations (see Section 4.2) but produced too many
TOAs for use in a global timing solution.
When observing J1023, a number of phenomena may
corrupt individual TOAs. Most obvious are eclipses and
flux variations, which may make pulse phase measure-
ments impossible. More subtle are DM variations, which
introduce additional frequency-dependent delays. These
variations, discussed in Section 4.2, can contribute sub-
stantially to the systematic errors in TOA measurements.
In the 350-MHz data, these effects can be substantial at
all orbital phases. Fortunately, in the 1400-MHz data
these effects are small except at orbital phases close to
inferior conjunction. We used only the 1400-MHz data
for timing purposes, and we handled these various ef-
fects by rejecting all TOAs with phases too near inferior
conjunction or with measured uncertainties larger than
10 µs. We also removed certain TOAs that showed ev-
idence of being severely affected by excess DM (as de-
scribed in Section 4.2).
Given a collection of good TOAs, the task of produc-
ing an ephemeris consists of two parts, in our case car-
ried out using the pulsar timing software tempo2 (Hobbs
et al. 2006). The first is to determine the exact num-
ber of turns between each pair of TOAs, while the sec-
ond adjusts the ephemeris to model the rotation more
closely. The first process is called “phase connection”
and is normally a manual, iterative process of extending
a partial ephemeris to cover new observations. Errors
in the predicted number of turns generally reveal them-
selves by producing residuals with errors greater than a
few tenths in phase. With the kind of dense sampling
possible with J1023, errors in the turn count may also
be visible as large trends within single observations. We
carried out the process of phase connection on our obser-
vations of J1023, producing the ephemeris given in Ta-
ble 1. In building this ephemeris, we fixed J1023’s posi-
tion, proper motion, and parallax at the values obtained
with VLBI (Deller et al. 2012). We also fixed the DM at
14.3308 pc cm−3, a value obtained from fitting a WSRT
350-MHz observation that is far from eclipse and that
has good signal-to-noise (see Section 4.2 for a discussion
of the DM variations we observe). The DM selected is
relatively unimportant in the long-term fitting, since all
the TOAs from a given telescope/backend/band combi-
nation are at the same frequency, and we fit for arbitrary
offsets between telescope/backend/band combinations.
The ephemeris in Table 1 produced the phase residu-
als shown in Figures 3 and 4. While these residuals are
in some cases as large as 0.2 turns, their smooth orbital
dependence makes it clear that the ephemeris does cor-
rectly phase-connect all our observations — that is, we
can unambiguously account for the exact number of pul-
sar rotations between each observing epoch. While the
orbital dependence of the residuals indicates unmodelled
orbital variations, the scale of these variations is rather
small when it comes to orbital phase prediction. As a
compromise between model complexity and residual size,
this ephemeris uses a very simple orbital model, allowing
the orbital period to vary linearly over the span of our
observation. We believe this linear variation is not phys-
ically significant and does not represent a longer-term
trend, instead being the cumulative effect of the random
orbital variations described in Section 4.5. Nevertheless
this ephemeris is appropriate for orbital phase predic-
tions and for online-folding observations of J1023 that
are not too far in the future.
In the interest of better understanding the orbital vari-
ations and other phenomenology observed in J1023, it is
valuable to use tempo2 to fit many shorter-term obser-
vational spans. However, such automated use of tempo2
risks introducing a spurious phase turn, rendering use-
less the results of the fitting procedure. In order to pre-
vent this, we implemented a modification to tempo2. By
default, when tempo2 computes a residual for a pulse
time-of-arrival measurement, it simply chooses the turn
number that produces the smallest residual, that is, it
attempts to make the residual as close to zero as pos-
sible. If the proposed solution is too far from the true
solution, so that the residual should be larger than 0.5
in phase, this results in an extra phase turn. To mitigate
this problem we wrote code to allow us to control the
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Fig. 3.— Residuals as a function of time for the simple long-term solution in Table 1. Uncertainties are marked with vertical bars, which
are often smaller than the circle used to mark the value. Because we were able to extract many TOAs from each observing session, there
are generally many data points at nearly the same horizontal position. Since the orbital phases of these points differ, the orbital phase
dependence of the residuals seen in Figure 4 cause them to appear as vertical bars here.
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Fig. 4.— Residuals as a function of orbital phase for the simple long-term solution in Table 1. Vertical bars indicate uncertainties. In
some cases they are smaller than the circle used to mark the value.
turn number directly.
The tempo2 output plugin general2 allows the out-
put of turn numbers for each TOA. Although tempo2
includes a mode, activated with TRACK -2, which al-
lows turn numbers to be specified as part of the TOA
data, this mode suffers from a bug causing turn numbers
to wrap around after approximately two billion turns
(about 1.4 months for J1023). We therefore implemented
a fixed version as TRACK -3, and we have submitted a
bug report to the tempo2 mailing list. With this mode
we were able to use the phase-connected solution from
Table 1 and the general2 plugin to annotate our TOAs
with turn numbers. We were then able to activate TRACK
-3 and be certain that no automated fit introduced spu-
rious phase turns. We point out that this allows, for
example, easy changing from one timing model to a dif-
ferently parametrized timing model; wrong parameters
will not result in phase wraps and can therefore be cor-
rected by tempo2’s fitting procedure.
This mode for tempo2 was useful at several stages in
our analysis. During initial phase connection, it was use-
ful for stitching together solutions each covering part
of the data set: if the differences between turn num-
bers agreed for those TOAs for which the solutions over-
lapped, and the overlap was sufficient, then the solutions
were compatible, and we could merge the lists of turn
numbers to annotate all the TOAs in either data set.
Then a timing solution could be fit to the data without
the complication of phase wrapping. Second, once we
had a phase-connected timing solution, we could “bake
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in” the turn numbers so that the automated short-term
fitting we describe in Section 4.5 and Section 5 could
not introduce a phase wrap and therefore converge on an
incorrect solution.
4. RADIO PHENOMENOLOGY
J1023 exhibits a number of phenomena which give
some insight into the nature of this complex binary sys-
tem, several of which are visible in Figure 5. The most
obvious is the main eclipse, which occurs near inferior
conjunction (orbital phase 0.25), when the companion
passes nearest to our line of sight to the pulsar. This
eclipse is accompanied by excess DM at ingress and
egress. Excess DM is also seen at other orbital phases,
varying from orbit to orbit, as is seen in PSR J1748-
2446A (Terzan 5 A; Nice et al. 1990). In 150- and
350-MHz observations, we observe brief (seconds to min-
utes) periods during which the pulsar signal disappears.
We also observe the effects of interstellar scintillation on
the signal from J1023, which can complicate observing
by introducing large intensity variations at 1400-MHz.
Finally, the orbital parameters of J1023 are variable,
severely complicating long-term timing.
4.1. Main eclipse
The most obvious feature of J1023’s radio emission is
the main eclipse. The system’s viewing geometry is well
known: based on the mass measurement of 1.71±0.16M
in Deller et al. (2012) and the Keplerian mass function
of the system, we can infer that the inclination angle
is 42 ± 2◦. With this geometry, pictured in Figure 6,
the companion’s Roche lobe does not cross the line of
sight to the pulsar. In fact, Figure 1 of Archibald et al.
(2009) shows a 3000-MHz full-orbit observation of J1023
in which the main eclipse is absent: approximately con-
stant emission is visible throughout the orbit. The eclipse
is therefore presumably due to relatively tenuous ionized
material outside the companion’s Roche lobe. On the
other hand, at 1400 MHz the phase-averaged flux dur-
ing eclipse is lower by a factor of several (in fact un-
detectable) compared to the flux outside eclipse (Deller
2012, personal communication). Archibald et al. (2009)
also showed that the eclipse duration becomes longer at
lower frequency.
A dual-frequency observation we acquired allows us to
examine this effect more closely. Figure 7 shows both
350-MHz and 1400-MHz observations taken simultane-
ously with the WSRT and the Lovell telescope respec-
tively. At 1400 MHz the eclipse length is about 0.25 in
orbital phase, while at 350 MHz it is closer to 0.6 in or-
bital phase. It can also be seen that the phase of eclipse
ingress varies more than the phase of eclipse egress as
observations move to lower frequency, confirming what
is seen in the non-simultaneous observations shown in
Figure 5 and in Figure 1 of Archibald et al. (2009).
4.2. Excess DM
A second feature of J1023’s radio emission is excess
DM. This is visible in Figure 5 and in residual plots as
excess delays. Wide-band observations like those taken
as part of our monitoring program at Arecibo allow us
to confirm that these delays are in fact due to excess DM
by computing TOAs from several subbands in the same
subintegration, then by fitting for the DM within that
single subintegration. The excess DM we observe takes
several forms. First, we consistently observe excess DM
surrounding the main eclipse. Specifically, we see the
DM increase rapidly up to the moment the signal disap-
pears, then fall rapidly down to the normal value after
the signal reappears. The amount of excess DM is dif-
ficult to estimate, since the points at which we lose and
reacquire signal depend on signal-to-noise, which varies
substantially due to scintillation. Nevertheless it is clear
that the amount of excess DM at a phase near the main
eclipse also varies from orbit to orbit. Typical excess
DM at loss of signal due to eclipse ingress is roughly
0.01 pc cm−3, while at signal reacquisition due to eclipse
egress it is much larger, usually around 0.15 pc cm−3.
Second, in our hour-long monitoring observations, the
average DM varies by a few times 10−3 pc cm−3 from
what we have adopted as the baseline DM for the sys-
tem. Finally, in several cases, one of which is pictured
in Figure 8, we see short-term (varying lengths but typ-
ically ∼ 300 s) excesses of DM (by varying amounts but
typically ∼ 4 × 10−3 pc cm−3). Importantly, these DM
excesses occur far from the main eclipse, and at different
orbital phases, as do the signal disappearances discussed
in Section 4.3. We also see one example of a substantially
larger and longer-lasting increase in DM, shown in Fig-
ure 9; on MJD 54776, we observed the DM rise steadily
by ∼ 5×10−2 pc cm−3 over the course of twenty minutes;
our observation ended while the rise continued. This oc-
curred around orbital phase 0.5, after the eclipse.
It should be noted that the delays introduced by this
excess DM at 1400 MHz are on the order of tens of
microseconds, while the residuals pictured in Figures 3
and 4 are on the order hundreds of microseconds, so ex-
cess DM is not sufficient to explain them. On the other
hand, we should expect the effect of DM variations to
be some sixteen times greater for 350-MHz observations,
producing delays on the order of hundreds of microsec-
onds and phase shifts on the order of tenths of a turn.
For this reason, it would be difficult to maintain a good
timing solution for J1023 using only 350-MHz data, al-
though given the high signal-to-noise ratio, it is possible
to measure the DM and possibly correct for the delays
within each observation. In fact, in order to obtain a
good signal-to-noise ratio at 350 MHz and below, it is
necessary to measure a separate DM for use in each ob-
servation.
4.3. Short-term signal disappearances
At 150 and 350 MHz, we observe brief periods dur-
ing which the pulsar signal disappears entirely. In some
of our search-mode observations it is possible to see dis-
appearances as short as a few seconds, but in most of
our data (folded in 10-s subintegrations) we see disap-
pearances varying in length from one subintegration to
as long as minutes. These disappearances occur at all
orbital phases (apart from during the main eclipse, when
there is no signal to disappear), though they may be
more frequent nearer to eclipse. In a few cases the sig-
nal disappearances begin or end with excess delays (pre-
sumably due to excess DM). The dynamic spectrum (see
Figure 10) makes it clear that the disappearances span
the entire bandpass (∼ 80 MHz). As visible in Figure 5,
these signal disappearances also occur at 1400 MHz and
6 Archibald et al.
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Fig. 5.— Several full-orbit observations of J1023. Color indicates flux density as a function of pulse and orbital phase. The top group
of three panels shows 1400-MHz observations with the GBT, the middle shows 350-MHz observations with the WSRT, and the bottom
shows 150-MHz observations with the WSRT. Within each panel, the observation begins with the black vertical line, wraps around, and
ends with the black line. The date of the observation is indicated within each panel; the second and third 1400-MHz panels are in fact
taken from a single scan, so that the third panel takes up where the second leaves off. For each of the observations below 1400-MHz, we fit
for the DM that gave the best signal-to-noise; values varied by ∼ 10−3 pc cm−3. Differences between panels at the same frequency show
the orbit-to-orbit variability of J1023; differences between observations at different frequencies show the same combined with the frequency
dependence of the various effects described in Section 4. For a truly simultaneous dual-frequency comparison see Figure 7.
Timing J1023 7
106 km
−0.2
0.0
0.2
0.4
0.6
0.8
1.0
1
0
6
k
m
−2.0 −1.5 −1.0 −0.5 0.0 0.5 1.0 1.5
106 km
−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
1
0
6
k
m
Fig. 6.— Geometry of the J1023 system and its eclipse. Orange
teardrop shows the shape and size of the companion (assumed to
fill its Roche lobe), while black dot indicates the pulsar (not to
scale). Top: Edge-on view of the system; dashed lines indicate
the line-of-sight to Earth at orbital phases 0.25 and 0.75. Bottom:
Face-on view of the system. Arcs indicate the main eclipse phase
ranges from the dual-frequency observation, for a system rotating
counter-clockwise. Red is for the 350-MHz eclipse while blue is for
the 1400-MHz eclipse.
150 MHz. That said, in our 350-MHz/1400-MHz dual-
frequency observation, disappearances that occur at the
lower frequency are not accompanied by disappearances
at 1400 MHz; we are not able to test the converse because
no short disappearances are present in our simultaneous
observation.
4.4. Interstellar Scintillation
Interstellar scintillation results when the turbulent in-
terstellar medium modulates the radio flux from a pulsar.
The variation appears as a collection of scintles with a
characteristic duration and bandwidth and with vary-
ing intensity. A few of these scintles, detected in our
350-MHz data, are visible in Figure 10. An autocorre-
lation analysis (Lorimer & Kramer 2004) shows a band-
width ∆fDISS of 1.4 MHz and a timescale ∆tDISS of
1100 s. The errors on these quantities are dominated
by the small number of bright scintles. Following Cordes
(1986), we estimate the number of scintles in the observa-
tion we used as the total number of possible scintles times
a small filling factor to account for the dominance of ex-
ceptionally bright scintles in our autocorrelation analysis:
Ns = 10
−2(T/∆tDISS)(B/δfDISS). In this case we are
using a T = 7000 s observation segment (counting only
non-eclipsed time) with B = 100 MHz, so we estimate
Ns = 4.5; we should therefore expect fractional errors
on scintillation parameters of N
−1/2
s = 0.5. Neverthe-
less, Lorimer & Kramer (2004), citing Cordes & Rickett
(1998), give the following formula for inferring the pul-
sar’s proper motion from scintillation parameters:
VISS =2.53× 104 km s−1
(
d
1kpc
)1/2
×(
∆fDISS
1MHz
)1/2(
f
1GHz
)−1(
∆tDISS
1s
)−1
.
Applying this to the known distance (1.37 kpc; Deller
et al. 2012) and a frequency of 350 MHz gives a ve-
locity of 90 km s−1. Assuming the fractional error of
50% computed above makes this roughly consistent with
the observed proper motion of 130 km s−1 (Deller et al.
2012), particularly as during this partial orbit the speed
at which the sight line sweeps through the interstellar
medium is also affected by the pulsar orbital motion,
which varies with orbital phase from 40 to 60 km s−1
and is in an unknown direction. At 1400 MHz the scin-
tles are too large to obtain good statistics, but visual in-
spection suggests a scintillation bandwidth of ∼ 50 MHz
and timescale of ∼ 1 hour; this implies a velocity of
∼ 40 km s−1, with an even larger fractional uncertainty
given the presence of only a handful of scintles within
an observation. In practical terms, interstellar scintilla-
tion introduces a wide variation in observed radio flux at
1400 MHz, particularly for narrow-band observations, for
example those described in Deller et al. (2012), but also
visible in the broadband observations shown in Figure 5.
4.5. Timing Variations
In addition to pulse delays due to excess DM, timing
of J1023 is made difficult by its erratic orbital behav-
ior. Figure 3 shows the poor quality of the fit obtainable
by a simple model of the orbit including only a secular
change in orbital period. Figure 4 also shows that the
residuals have a substantial dependence on orbital phase,
suggesting that varying the orbital parameters might im-
prove the fit. While tempo offers a binary model allowing
many orbital period derivatives, porting it to tempo2 and
fitting numerous orbital period derivatives failed to pro-
duce satisfactorily small residuals. Instead, we chose to
fit short-term piecewise solutions, in which we allowed
orbital phase to vary. When using non-overlapping 30-
day intervals, we obtained root-mean-squared residuals
typically less than 1% of a turn. We also experimented
with fitting binary period and/or amplitude within each
segment, which reduced the residuals by a small addi-
tional amount. The fitted orbital parameters showed no
discernable structure, either by eye or using a Lomb-
Scargle periodogram, even when using intervals as short
as 14 days. The scale of the orbital phase variations re-
quired for our 30-day fits is shown in Figure 11; they are
of order 1 s.
In summary, the orbital variations we observe are sub-
stantial but difficult to quantify, let alone understand.
In Section 6.4 we will discuss possible explanations for
these orbital variations.
5. γ-RAY BEHAVIOR
The Fermi Large Area Telescope (LAT) is a sky-
scanning γ-ray telescope sensitive to photons of ∼100
MeV to 300 GeV, and it has proved a powerful tool
for studying pulsars. It is described in Atwood et al.
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Fig. 7.— Simultaneous dual-frequency observation of J1023. Color indicates intensity as a function of time and pulse phase. The top
panel is observed with Jodrell Bank at 1400 MHz, and the bottom panel is observed with the WSRT at 350 MHz. Note that scintillation
resulted in a drastically reduced signal-to-noise during the first part of the Jodrell Bank observation, so we have reduced the time and
phase resolution.
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Fig. 8.— Short-term DM fits to an Arecibo 1400-MHz observa-
tion of J1023 on MJD 54812. The vertical error bars show the un-
certainty returned by tempo2. The top sequence of points with blue
circular markers are simple timing residuals from single-frequency
observations assuming a single DM; their amplitude can be read
off the scale to the right. The lower sequence of points with black
crosses for markers are fits for dispersion measure within single
subintegrations; their scale can be read off the left side of the plot.
The two scales have been arranged so that the excess dispersion
measure on the left corresponds to the excess delay on the right
for a 1400-MHz observation.
(2009), and its on-orbit performance is detailed in Ack-
ermann et al. (2012). Tam et al. (2010) discovered a
point source in data from the LAT coincident with the
position of J1023, and indeed J1023 is associated to a
source in the second Fermi -LAT source catalog, namely
2FGL J1023.6+0040, with a 1–100 GeV energy flux of
(5.4± 0.9)× 10−12 erg cm−2 s−1 and a power-law index
of (2.5± 0.3) (Nolan et al. 2012). Tam et al. (2010) also
report an energy flux of (5.5± 0.9)× 10−12 erg cm−2 s−1
for > 200 MeV. Either value corresponds to a γ-ray lu-
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Fig. 9.— Short-term DM fits to an Arecibo 1400-MHz observa-
tion of J1023 on MJD 54776. Scales and traces are defined as in
Figure 8, but note that because this observation was very near the
beginning of our program and cannot be used for timing because
of the strong excess DM, there may be a trend superimposed on
the timing residuals. Note also that this observation occurs after
the main eclipse but shows a very substantial increase in DM.
minosity of 1.2×1033 erg s−1. To better understand this
γ-ray emission, we have obtained and folded the Fermi
LAT photons apparently coming from J1023.
5.1. Data
We requested pass 7 photon data from the Fermi
data server for the energy range 100 MeV to 300 GeV
and a circular region of radius 15◦ centered on J1023’s
position. The date range we selected was from 2008
August 4 to 2012 August 18. Our data selection fol-
lows the Fermi Cicerone9. We used photons from the
9 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Cicerone/
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Fig. 10.— Top: Brightness as a function of time and pulse phase
for a WSRT 350-MHz observation taken on MJD 54952. Note both
short-term signal disappearances and episodes of delayed pulses,
presumably due to excess DM. Bottom: Dynamic spectrum of
the same observation. Note that the disappearances of signal are
broadband and clearly distinct from the scintillation. This ob-
servation is assembled from eight subbands, so certain band-edge
artifacts are visible, as is some radio-frequency interference.
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Fig. 11.— O-C (observed minus calculated) diagram of the time
of orbital phase 0. A version of the long-term ephemeris was fit
to each approximately 30-day section of data, allowing only or-
bital phase (and pulse phase) to vary, and locking the number
of pulsar rotations to that computed from the original long-term
ephemeris. Vertical bars indicate uncertainties reported by tempo2
except where they are smaller than the circle used to indicate the
value; horizontal bars indicate the range of data used in the fit.
Since the original ephemeris was obtained by fitting an orbital pe-
riod and its derivative to the whole data span, we have effectively
removed the best-fit quadratic from these data points. Residual
scatter appears to come from intrinsic orbital period variations.
P7SOURCE class; to reduce contamination from the Earth
limb we required that the zenith angle be less than 100◦.
We selected time ranges corresponding to good qual-
ity data taken during sky-survey operation by applying
the expression (DATA QUAL==1) && (LAT CONFIG==1)
&& ABS(ROCK ANGLE)<52 with gtmktime; we also used
gtmktime to select time ranges for which the entire 15◦
ROI was less than 100◦ from zenith. Using the Fermi
tool gtsrcprob and a spectral model for all sources
within 5◦ of the ROI from the 2FGL survey (includ-
ing the P7SOURCE V6 instrument response functions, the
diffuse model gal 2yearp7v6 v0.fits and the isotropic
model iso p7v6source.txt), we assigned to each pho-
ton a probability that it came from J1023 then culled
all photons with probability less than 10−3. This culling
reduced the number of photons needing processing from
622882 to 47032 and the number of expected photons
from the source from 623.6 to 521.6. Our Monte Carlo
simulations make it clear that the low-probability pho-
tons we discarded make a negligible difference to detec-
tion significances.
5.2. Orbital modulation
To look for orbital modulation, we used the simple or-
bital ephemeris given in Table 1 and the tempo2 fermi
plugin to compute the orbital phase at which each pho-
ton was emitted. We used a weighted form of the H
test (Kerr 2011) and found a false positive probability
of 0.78. The highest degree of orbital modulation con-
sistent with this detection significance depends on the
hypothetical pulse shape. As it takes into account mul-
tiple harmonics, the H test is least sensitive to a simple
sinusoid. To estimate an upper limit on the fraction of
the photons that could be pulsed, we ran simulations of
sinusoidally modulated signals. We found that if 35% of
the source photons were pulsed, there would be at least
a 95% chance that we would have obtained a result more
significant than what we actually observed.
5.3. Rotational modulation
To look for rotational modulation of the γ-rays, we
needed a reliable phase prediction for each pulse. To
model the complex rotational behavior of J1023, we as-
sembled a collection of overlapping ephemerides. Each
ephemeris spanned 90 days, and a new ephemeris was
started approximately every 14 days. We used the fermi
plug-in for tempo2 to assign an arrival phase to each pho-
ton for each such ephemeris. For each photon and each
ephemeris, we assigned a weight between zero and one
based on its proximity to the middle of the interval used
to fit the ephemeris. Photons outside the interval were
assigned zero weight, and photons whose total weight
was zero were discarded, limiting the photons used to
the times covered by our radio timing observations,
MJDs 54766–56114. We computed a weighted mean
phase for each photon, effectively producing a piecewise
ephemeris predicting rotational phase. The weighting
procedure ensured that the predicted ephemeris was con-
tinuous and phase predictions were dominated by piece-
wise ephemerides using observations surrounding the pre-
diction time. We also computed a weighted standard de-
viation as an estimate of phase uncertainties, plotted in
Figure 12. All such standard deviations are less than
about 10% in phase, and most are below 1%, indicating
that ephemeris uncertainties probably do not smear the
pulse profile significantly below approximately the tenth
harmonic. This collection of piecewise ephemerides, or
the spliced combination, is appropriate for short-term
phase prediction throughout the span of time it covers.
The resulting profile is plotted in Figure 13, again in
the form of a weighted histogram. The H test produces
a false positive probability of 9.2 × 10−5, equivalent to
a significance of 3.7σ. The best-fit truncated Fourier se-
ries has 2 harmonics and is plotted over the histogram.
These significances are single-trial significances, appro-
priate because we carried out only a single trial, since
both the ephemeris and the spectral model were given.
We examined the dependence of the significance on en-
ergy and time cuts: a very modest improvement in sig-
nificance (to 4.2σ) is available by discarding all photons
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Fig. 12.— Top panel: Estimated phase uncertainty. We com-
puted and plotted the weighted standard deviation of the phase
predictions at the time of each Fermi LAT photon. Bottom panel:
Cumulative false positive probability for pulse phase. Values are
based on the weighted H test applied to all usable Fermi LAT
photons before a given MJD.
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Fig. 13.— γ-ray light curve for J1023 as a function of rotational
phase, based on weighted Fermi LAT photons. Sinusoidal curve
is the best fit using the number of harmonics suggested by the H
test. Uncertainties on histogram values are the quadrature sum
of all photon probabilities (Pletsch et al. 2012), while background
level (dashed line) is the weighted sum of probabilities that the
photon is not from the pulsar (Guillemot et al. 2012).
below 400 MeV, possibly because these are more poorly
localized and therefore more contaminated by nearby
sources. When we compute a cumulative detection signif-
icance (see Figure 12) it wanders for the first year, during
which our ephemeris has the largest uncertainty, and in-
creases steadily after that. We estimated the degree of
pulse modulation that would lead to such a false positive
probability by running Monte Carlo simulations taking
into account the uncertainty in which photons come from
the source and assuming that photon arrival phases are
scattered independently by the phase uncertainty we cal-
culated for each photon. Assuming a sinusoidal pulse
profile affecting 90% of the source photons, the observed
significance is greater than that observed in about 50%
of the simulations.
5.4. Summary
In summary, we detect no orbital modulation, with an
upper limit of about 35% on the fraction of photons that
are pulsed. We detect weak evidence (statistically 3.7σ)
for pulsations at the pulsar’s rotational period. Even
such a marginal detection, if real, would suggest that
most of the photons participate in the modulation.
6. DISCUSSION
J1023 is at a pivotal moment in its evolution from X-
ray binary to MSP. Chen et al. (2013) model the evolu-
tion of X-ray binaries into redbacks and black widows,
finding that the key difference between the two classes
is that the redbacks ablate their companions more effec-
tively than the black widows. Key to their simulated
evolutionary histories is the idea that low-mass X-ray bi-
naries continue accretion driven by magnetic braking up
to the point where the companion becomes fully convec-
tive, at which point it loses its magnetic field and ac-
cretion stops (Rappaport et al. 1983). For a few highly
compact systems, gravitational radiation shrinks the or-
bit and drives continued mass transfer, but for systems
like J1023 that are not so compact, this is the moment
where Chen et al. (2013) postulate the system turning
on as a radio pulsar. In their model, at this point, accre-
tion ceases and is completely replaced by ablation of the
companion by the pulsar wind. They describe J1023 as
a reasonably typical redback undergoing cyclic episodes
of accretion, possibly related to a combination of donor
star irradiation (Bu¨ning & Ritter 2004), disc instabilities
(Dubus et al. 1999), and the radio ejection mechanism
(Burderi et al. 2001). In particular they view J1023’s
companion as being non-magnetic. Is a non-magnetic
companion compatible with the phenomena we described
above? We will try to answer this in the next few sec-
tions.
A second key puzzle is the nature and cause of J1023’s
active phase. In the 2001 episode, we know that the opti-
cal emission grew brighter, bluer, and developed double-
peaked emission lines, but X-ray upper limits indicate
that the system did not undergo full-fledged accretion
(Archibald et al. 2009). We do not know what caused
this active phase or what was happening while it went
on. Based on J1023’s behavior in its current, quiescent,
state, we will discuss several mechanisms that might lead
to such episodic activity.
In fact, while this paper was in internal refereeing,
J1023 appears to have entered a new active phase: it
disappeared in radio (Stappers et al. 2013, Stappers et
al. in prep), it brightened by a factor of five in γ-rays
(Stappers et al. 2013, Stappers et al. in prep), and it
shows brighter, variable emission in X-rays and ultravi-
olet (Patruno et al. 2013). This is all consistent with
the 2000–2001 active phase, offering the chance to study
J1023 while active.
6.1. Basic parameters
Archibald et al. (2009) described the J1023 system
based on only a few months of radio observations (and its
optical history). Since then, its X-ray and γ-ray proper-
ties have been reported (Archibald et al. 2010; Bogdanov
et al. 2011; Tam et al. 2010), and a precise distance mea-
surement has been carried out (Deller et al. 2012). It
seems valuable, then, to summarize the basic system pa-
rameters in light of all these data plus our own long-term
timing.
Although the orbital parameters vary, as discussed
in Section 4.5, these variations are tiny in absolute
terms. Combined with the mass measurement obtained
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by Deller et al. (2012), we can describe the system geom-
etry more or less completely. In particular, the system
inclination is 42 ± 2◦, and the separation between the
companion’s center of mass and the pulsar is 1.3×106 km
(1.9R). The system geometry is illustrated in Figure 6,
along with the ranges of eclipse phase we observed in our
dual-frequency observation.
This orbital geometry was inferred from the mass mea-
surement in Deller et al. (2012). This mass measurement
depended on a key assumption: that the companion filled
its Roche lobe. This allowed a measurement of the com-
panion size to be converted into a measurement of the
Roche lobe size and therefore the system masses. Mod-
elling of the optical light curves of another very similar
redback, PSR J2215+5135, constrains its companion’s
Roche lobe filling factor to be 0.99± 0.03 (Breton et al.
2013). While no such fitting process has yet been carried
out for J1023, we can make some inferences about the
system nonetheless. If the companion underfills its Roche
lobe, the masses and system geometry will be different
from those assumed elsewhere in this paper. Specifically,
the masses will be larger than those reported in Deller
et al. (2012), and the system will be closer to face-on
(the inclination angle i will be less than 42◦). That said,
it seems unlikely that any pulsar can have a mass larger
than 3M (Lattimer & Prakash 2004); this limits the
Roche lobe filling factor (companion radius over Roche
lobe radius) to be larger than 0.82, and i to be at least
36◦.
The measured period derivative, (6.930 ± 0.008) ×
10−21, must be corrected for the Shklovskii effect
(Shklovskii 1970) and the effect of acceleration due to
the Galactic gravitational field. Both these corrections
are computed in Deller et al. (2012); applying them to
our period derivative measurement gives an intrinsic pe-
riod derivative of (5.39± 0.05)× 10−21. Using the stan-
dard nominal moment of inertia for pulsar calculations
(1045 g cm2) we can calculate a spin-down luminosity of
(4.43± 0.04)× 1034 erg s−1. The magnetic field we infer,
using the standard formula B = 3.2×1019 G
√
(P/1 s)P˙ ,
is 9.7 × 107 G, and the characteristic age τ = P/2P˙ is
(4.96± 0.05)× 109 y.
6.2. Energetics
Given the distance measurement of Deller et al. (2012),
we are able to estimate an energy budget for the pul-
sar. The total spin-down power is 4.43 × 1034 erg s−1
(11.5L). For comparison, the companion’s bolometric
luminosity is approximately 6 × 1032 erg s−1 (0.2L),
based on the temperature from Thorstensen & Arm-
strong (2005) and the radius of the Roche lobe.
Thorstensen & Armstrong (2005) estimated that the
amount of irradiation received by the companion was
consistent with the compact object having an isotropic
luminosity of 2L (8 × 1033 erg s−1); we therefore infer
an irradiation efficiency of 20%. That said, the compan-
ion only intercepts about 1.3% of any isotropic emission,
so that the actual heating of the companion is closer to
1032 erg s−1 (0.03L; about 20% of the companion’s
bolometric luminosity). The average X-ray flux reported
in Bogdanov et al. (2011) (choosing a power-law plus
hydrogen atmosphere spectral model from among their
possible assumptions) corresponds to an X-ray luminos-
ity of 9.3 × 1031 erg s−1 (0.024L), and an efficiency
of 0.21%. The γ-ray luminosity deduced from the γ-ray
flux reported in the 2FGL catalog (Nolan et al. 2012),
1.2 × 1033 erg s−1 (0.3L), is 3% of the nominal spin-
down power.
Comparing these efficiencies to those of the general
population of rotation-powered pulsars reported in Vink
et al. (2011), we find the X-ray efficiency of J1023 is three
times the typical value, but within the scatter (though
their data includes no MSPs; they report on point-source
plus nebular emission, and since Archibald et al. (2010)
and Bogdanov et al. (2011) detect no extended emission
from J1023, if there is nebular emission it is included
in the point source values given above). The γ-ray effi-
ciency of J1023 is low but not unreasonably so compared
to those reported for MSPs in Abdo et al. (2013), in-
cluding MSPs with higher and lower spin-down powers;
J1023’s γ-ray efficiency similarly fits in with those re-
ported by Espinoza et al. (2013).
6.2.1. Irradiation
We can also investigate the process by which J1023
irradiates its companion. Takata et al. (2012) suggest
that γ-ray emission from an active radio pulsar is respon-
sible for the heating of the near side of the companion
in many systems, and in J1023 in particular. We find
that in J1023 the γ-ray luminosity, if isotropic, is less
than that needed to explain the heating of the compan-
ion (Thorstensen & Armstrong 2005). One normally ex-
pects a strong pulsar wind consisting of a relativisic pair
plasma to carry most of the pulsar’s spin-down power.
This is therefore a natural candidate to produce irradi-
ation, either directly if it (or heavy ions entrained in it)
can reach the companion’s surface or indirectly through
heating by emission from a shock powered by the pulsar
wind.
In fact, Bogdanov et al. (2011) argue that in J1023
there is an X-ray-emitting shock near the first Lagrange
point (L1). If it is this shock that provides the X- or γ-
rays that heat the companion, then based on the shock’s
nearness to the companion’s surface we should expect the
companion to intercept roughly half of the total X- or γ-
ray luminosity of the shock. If this is the case then both
the X- and γ-ray luminosities are sufficient to explain the
companion’s heating. While the observed X-ray orbital
variability strongly suggests that a substantial fraction of
the X-rays come from this region, the lack of detectable
γ-ray variability suggests that only a small fraction of
the γ-rays can come from close to the companion (or
we would expect eclipses). Nevertheless the γ-ray lu-
minosity is sufficient that even if only a small fraction
comes from the shock, γ-rays could be responsible for
heating the companion. For the original black widow
pulsar, PSR B1957+20, such an intrabinary shock was
predicted by Arons & Tavani (1993), and Stappers et al.
(2003) examined Chandra X-ray Observatory data look-
ing for evidence of one. In particular, in line with the
predictions, they observe a peak in the X-ray brightness
(due to Doppler boosting) immediately following the X-
ray eclipse; the same effect was also observed for J1023 by
Bogdanov et al. (2011). It therefore seems quite plausible
that the companion is being heated by X-rays generated
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in an intrabinary shock near L1 powered by the particle
wind from the pulsar.
In addition to the orbital modulation of the X-ray emis-
sion, Archibald et al. (2010) and Bogdanov et al. (2011)
note that J1023 shows substantial orbit-to-orbit variabil-
ity. We do not expect much variability from the MSP in
J1023, either in X-ray emission or in particle wind flux.
It therefore seems likely that the origin of the orbit-to-
orbit X-ray variability comes from the other side of the
shock: from the companion. If the amount or magneti-
zation of the material leaving the companion is varying,
then an unusually large variation might push material
into the pulsar’s Roche lobe, form a disc, and tip the sys-
tem over into another active phase. In light of the fact
that the irradiation of the companion — equal in ampli-
tude to 20% of the companion’s bolometric luminosity —
seems likely to be coming from this shock, it seems that
a feed-forward effect might be possible: if an increase
in material brightens the shock, the shock will heat the
face of the companion more, driving more material off
the companion and into the shock. It is equally possible
that an increase in material might dim the shock, but
nevertheless the shock variability and the corresponding
variations in irradiation may well be linked to the sys-
tem’s active phases.
6.2.2. Ejection
Energetics can also serve to place an upper bound on
how much material can be leaving the system, through
evaporation or through Roche lobe overflow followed by
expulsion from the system. If the pulsar’s entire spin-
down luminosity were used to push material out of the
system, the companion could be losing 4×10−7M yr−1.
If instead we assume that exactly the fraction of the
pulsar’s spin-down luminosity (presumed isotropic) in-
tercepted by the companion is used in ejecting mate-
rial from the system, we obtain a mass-loss rate of
5 × 10−9M yr−1. This is the typical assumption used
when modelling redback and black-widow systems, but it
remains somewhat unclear how exactly this wind power
would be transformed into ejection of material: it seems
that a shock lies between the pulsar and its companion,
so that the companion is not directly impacted by the
wind; it is not clear how the relatively mild heating ex-
perienced by the companion could drive such a powerful
outflow.
6.3. Ionized material in the system
It is clear from the eclipses, shorter signal disappear-
ances, and DM excesses that there is much ionized mate-
rial in or around the J1023 system. We will discuss three
possible models for the nature and location of this ma-
terial: a magnetically supported wind rather like that of
our Sun, a ram-pressure-supported ablative outflow, and
freely flowing material overflowing from the companion’s
Roche lobe.
The main eclipse is the most consistent feature in our
radio observations. It is clear from Figure 6 that the
material lies far outside the Roche lobe, and in fact the
eclipsing material cannot be much closer to the compan-
ion than it is to the pulsar. It should also be noted that
since the eclipse region is larger at lower frequencies, the
density of the eclipsing material must fall off gradually,
so that if the eclipse region is bounded by a shock it must
encompass the regions eclipsed at all frequencies.
6.3.1. Magnetically supported material
If the eclipsing material is trapped in the compan-
ion’s magnetosphere, the magnetosphere must contain
a strong enough magnetic field to resist the pulsar wind.
The pulsar wind pressure at the companion’s distance
(assuming that the pulsar wind power equals the spin-
down power, and that the pulsar wind is isotropic) is
7 dyne cm−2; the magnetic field required to produce an
equal pressure is 13 G. Can such a field be produced by
the companion?
The companion appears to be a G star (Thorstensen
& Armstrong 2005). Since the irradiation produces only
∼ 400 K difference in temperature between the sides of
the companion (Thorstensen & Armstrong 2005), we ex-
pect it to play a fairly minor role in the companion’s in-
ternal processes. Nevertheless, the companion is presum-
ably not a typical G star: we expect that mass transfer
has resulted in it becoming helium-enriched, it has about
1.8 times the radius of a typical 0.24M main-sequence
star (Feiden & Chaboyer 2012), and the Roche geometry
means it is not even spherical. If we assume regardless
that the companion has a convective layer and radiative
core similar to that of solar-type stars, we should expect a
dynamo process to generate a magnetic field. Since the
companion is presumably tidally locked, its rotational
period is only 0.2 days (equatorial velocity 110 km s−1),
and such rapidly rotating stars tend to have stronger
magnetic fields than ordinary solar-type stars. The Sun
itself has a magnetic field on the order of 10 G (R/R)−2
(where R is the distance from the center of the Sun;
Banaszkiewicz et al. 1998). The J1023 system is small
enough that the eclipsing regions are within a few solar
radii, so it seems plausible that magnetic pressure could
support a bubble against the pulsar wind. Relatively
tenuous material leaving the surface of the companion
would then stream along field lines and might produce
the eclipses we observe. Filamentary structures in the
companion’s magnetosphere might also account for the
short-term disappearances of signal at random orbital
phases; given their tens-of-seconds duration and the ve-
locity of the pulsar on the plane of the sky, they should
be hundreds to thousands of kilometers across.
Such a magnetically threaded wind should carry angu-
lar momentum away from the system, producing mag-
netic braking and driving continuing accretion. If, on
the other hand, the companion is fully convective, we do
not expect it to be strongly magnetic (Rappaport et al.
1983), and a magnetically supported wind seems unlikely.
6.3.2. Ram-pressure-supported material
We also know that the companions in redbacks and
black widows are being irradiated by the pulsars. The
companion to PSR J1023+0038, in particular, fills or
nearly fills its Roche lobe, so material is readily removed
from its surface, and as we computed in Section 6.2.1,
there is enough power in the part of the pulsar wind
it intercepts to remove 5 × 10−9M yr−1 of material.
The ram pressure of such a wind might sustain a re-
gion in which material from the companion could pro-
duce eclipses. Bednarek & Sitarek (2013) discuss pulsar
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and companion winds in redback and other systems, in
the interest of understanding the nebulae they produce.
They provide a description of the wind balance within
the binary system, parameterized by the dimensionless
parameter η, which describes the balance between pul-
sar and companion winds:
η =
Lp/c
M˙vw
,
where Lp is the pulsar wind luminosity, M˙ is the mass
loss rate of the companion, and vw is the velocity with
which the companion expels its wind. If we assume a
wind from the companion of 5 × 10−9M yr−1, leaving
at the companion’s escape velocity, we obtain η = 0.1,
indicating a system dominated by the companion’s wind;
the pulsar’s wind only fills a region with half-opening
angle given by ψ = 2.1(1 − η2/5)η1/3 ∼ 50◦, not very
different from the size of the non-eclipsed regions at low
frequency, particularly considering that Bogdanov et al.
(2011) argued that the pulsar wind was concentrated in
the plane, leaving the companion’s wind more able to
expand above the system plane.
On the other hand, it is not easy to reconcile such
a dense wind with the excess DM we measure immedi-
ately post-eclipse (and elsewhere): if the wind carries this
much mass and moves at this speed, at the distance of
the companion’s closest approach to our line of sight, the
electron density should be of order 1016 cm−3, which im-
plies that the thickness of the layer producing the excess
DM must be of the order 300 km. This is wildly incon-
sistent with the assumption of isotropic outflow used to
estimate the electron density; already at the above den-
sity the plasma frequency is on the order of 1000 MHz,
so increasing the density to produce a thinner layer con-
sistent with the DM measurement would block the 1.4-
GHz radio waves we used to measure the excess DM.
If the outflowing material were only partially ionized its
effect on DM would be reduced, but it is even more un-
clear how the pulsar irradiation, by direct wind impact
or by reprocessing through an X-ray- or γ-ray-emitting
shock, could drive such a wind without ionizing the ma-
terial. It therefore seems unclear how the system could
have a mass loss rate high enough to hold off the pul-
sar wind through ram pressure without producing DM
and/or eclipses more severe than we currently see.
6.3.3. Roche-lobe-overflowing material
There is a third possible source for eclipsing material.
In PSR J1740−5340 (NGC 6397A), a globular-cluster
redback, the Hα line profile suggests material streaming
out from L1, trailing behind the companion (Sabbi et al.
2003). Since J1023 likely had an accretion disc in 2001,
it seems very plausible that some small amount of Roche
lobe overflow may be continuing in this system as well.
It is, however, difficult to explain the observed eclipse
behavior using only such material. While the 1400-MHz
eclipse is somewhat asymmetrical, it definitely begins be-
fore L1 crosses the line of sight at orbital phase 0.25. The
150 and 350-MHz eclipse regions are even larger and sym-
metrical. Finally, it is unclear how such escaping mate-
rial could come to be so far above the plane of the system
as to affect our line of sight.
There remain problems with all these eclipse models.
In particular, Bogdanov et al. (2011) modelled the X-
ray variability as the eclipse of an emitting region by the
companion and concluded that most of the X-rays orig-
inate from a shocked region near the L1 point or on the
pulsar-facing surface of the companion. It is difficult to
explain how such a shocked region could be so close to
the companion if the eclipsing material, necessarily on
the companion side of the shock, reaches as far out as
we see in the low-frequency eclipses. Bogdanov et al.
(2011) argue that the pulsar wind is concentrated in the
orbital plane, but it would require very strong beaming
to push the shock front down close to the companion’s
surface within the plane but allow the shock to reach so
far around the pulsar above the plane. If the eclipsing
material is bound in the star’s magnetosphere, this mag-
netosphere may be anisotropic, and in particular, less
extensive around the star’s equator. Or, if the eclipsing
material is in the form of a wind from the companion,
equatorial focusing of the pulsar wind may produce a
large η in this plane and a much smaller value out of the
plane.
6.4. Orbital variations
Orbital period variations have been observed in many
of the MSP systems that show the effects of ionized mate-
rial around the system. In the classical black widow sys-
tems, this takes the form of slow, quasi-periodic orbital
period variations (Arzoumanian et al. 1994; Lazaridis
et al. 2011). The redbacks and some of the black wid-
ows seem to show more complicated orbital period vari-
ations (e.g. Hessels et al. 2013, in prep), and Breton
et al. (2013) suggested that the systems whose com-
panions have higher Roche-lobe filling factors also show
stronger orbital period variations. The accreting millisec-
ond X-ray pulsar SAX J1808.4−3658, which is thought
to contain a (not yet detected) radio pulsar in quiescence
(Burderi et al. 2003; Iacolina et al. 2009), also shows ev-
idence for a non-zero second derivative of orbital period,
possibly indicating that it too undergoes orbital period
variations (Patruno et al. 2012). J1023 fits into this pic-
ture, since it appears to have a high Roche-lobe filling
factor and also substantial orbital period variations.
6.4.1. Gravitational Quadrupole Coupling
One specific mechanism, gravitational quadrupole cou-
pling (GQC), by which motions within the companion
might be coupled to the orbital motion, was set out by
Applegate (1992) in order to understand close optical
binaries such as Algol. The model was applied to the
PSR B1957+20 system (the original black widow) by
Applegate & Shaham (1994). In this model, as a re-
sult of magnetic braking, the companion would have a
surface layer rotating at a different speed from the un-
derlying layers. The magnetic field within the companion
would produce a torque coupling the layers, and varia-
tions in this magnetic field would then vary the rotation
of the outer layer; if the outer layer spins more rapidly,
the star becomes more oblate, while if it slows, the star
becomes less oblate. This change in the mass distribu-
tion within the companion, specifically in the quadrupole
moment of the mass distribution, would then change the
orbital period. Normally, such changes in the differen-
tial rotation require substantial energy transfer, and Ap-
14 Archibald et al.
plegate (1992) argues that this requires a correspond-
ing fractional change in luminosity of the star of about
10%. Such variations are observed in a number of non-
degenerate binary systems, and the luminosity variations
are correlated in time with the orbital period variations
as predicted by the model (Applegate 1992).
In J1023, we see orbital phase variations on the order
of 1 s. The apparent random wander in orbital period
seems to produce this variation on the timescale of a
few months, though we see no evidence for the quasi-
periodicity described in Applegate (1992) and seen in
many systems with orbital period variations (for exam-
ple Applegate 1992; Arzoumanian et al. 1994; Lazaridis
et al. 2011). The lack of visible periodicity could be due
to a timescale shorter than we can resolve, so that we
would see only the net result of more than one quasi-
periodic cycle. However, applying the calculations below
to such a short modulation period predicts a tremendous
energy flow within the companion, implying luminosity
variations over a hundred times the bolometric luminos-
ity of the companion. In Applegate (1992) the measured
parameters of the source RS CVn imply luminosity vari-
ations almost ten times the luminosity of the star, so
deviations from the model are known to occur. Neverthe-
less it seems implausible in this model that the timescale
could be shorter than our observation cadence so as to
hide the quasi-periodicity.
For the calculations that follow we will assume a time
scale for the modulation of 200 days, plausible in light
of Figure 11 but chosen to yield luminosity variations
consistent with observational constraints. We will also
assume, a necessity in this model, that the variations are
quasi-periodic with period Pmod. The amplitude of the
phase variations ∆t ∼ 1 s implies fractional orbital period
variations ∆P/P on the order of 2pi∆t/Pmod = 4×10−7.
Following Applegate (1992) and Applegate & Shaham
(1994), we assume that the participating shell contains
about a tenth of the companion’s mass. They link the
orbital period variations to changes in the quadrupole
moment ∆Q by
∆P
P
= −9
(
Rc
a
)2
∆Q
McR2c
,
where Mc, Rc and a are the mass and radius of the com-
panion and the semimajor axis of the orbit, respectively.
Changes in the quadrupole moment are dominated by
changes in the rotation rate of the outer shell, so they
write
∆Q =
2
9
Ω∆Ω
MsR
5
c
GMc
,
where Ms is the mass of the shell and Ω is its angu-
lar velocity. Using this we infer a fractional change in
the shell’s angular velocity on the order of 2 × 10−4.
Again following the above works, we assume that the
companion is slowed below corotation by the same frac-
tional amount, 2× 10−4. In this model, the angular mo-
mentum transfer between layers is produced by a torque
coming from the subsurface magnetic field, acting quasi-
periodically over the modulation period Pmod. They es-
timate the strength of this subsurface magnetic field Bs
as
B2s ∼ 10
GM2c
R4c
(
a
Rc
)2
∆P
Pmod
.
In J1023 this calculation finds Bs ∼ 4 × 104 G, greater
by an order of magnitude than those in the systems con-
sidered in Applegate (1992). While this subsurface field
is difficult to constrain observationally, most of the sys-
tems considered by Applegate (1992) and Applegate &
Shaham (1994) have values of this and other parame-
ters that are surprisingly similar to each other, so such
a large value for J1023 is unusual, and difficult to ex-
plain if the companion has become non-magnetic. On the
other hand, the observations summarized in Thorstensen
& Armstrong (2005) constrain luminosity variations to
less than about 0.04 magnitudes, which is about 4%.
The GQC model predicts that the transfer of kinetic
energy between layers should be accompanied by lumi-
nosity variations on the same scale, in this case about
1.5× 1031 erg s−1; by our selection of Pmod this is about
2% of the companion’s luminosity, below the observa-
tional limits on such variations. Nevertheless, this low
upper limit is a little puzzling in this model, since it im-
plies that the companion is less efficient than usual at
converting differential rotation into luminosity, in spite
of a higher-than-normal subsurface magnetic field. Most
systems discussed in Applegate (1992) undergo luminos-
ity variations of more than about 10%, which would have
been detected by Thorstensen & Armstrong (2005) un-
less they were on a much longer timescale than the orbital
period variations.
6.4.2. Relation to active phases
If the orbital period variations are connected to mass
motions within the companion, whether through the
mechanism of Applegate (1992) or some other process,
they may be connected to J1023’s active phases. In
particular, if the star very nearly fills its Roche lobe,
shape distortions, whether global or local, might easily
cause substantial amounts of material to spill out of the
Roche lobe through L1. Returning to the GQC model,
the fractional variations in the equatorial radius we ex-
pect are on the order of 10−4 (proportional to the frac-
tional change in the shell’s angular velocity). Substantial
enough amounts of material spilling through L1 can over-
come the pulsar wind pressure and penetrate the light
cylinder; once this occurs, the process by which the wind
is generated becomes ineffective, and an accretion disc
can continue to exist even if the rate of mass transfer
drops somewhat. This bistable mechanism, proposed by
Burderi et al. (2003), could be made to switch states by
random or ordered changes within the companion.
The GQC mechanism of Applegate (1992) requires
magnetic braking to slow the companion below corota-
tion, and it also requires relatively strong magnetic fields
within the companion. More generally, it seems difficult
to produce orbital period variations without the compan-
ion being slowed below corotation. This slowing would
seem to imply loss of angular momentum from the bi-
nary. If this is occurring, then the Roche lobe must be
shrinking. If a system has a main-sequence companion
that is close to filling its Roche lobe, then it seems that
orbital period variations should imply that Roche lobe
overflow is continuing unless there is evaporation suffi-
cient to outpace the Roche lobe shrinkage.
6.5. Active phases
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In summary, the presence of ionized material in the sys-
tem, the Roche-lobe-filling companion, the irradiation of
the companion by a shock near L1, and the orbital pe-
riod variations all seem to be linked to the active phases.
Many of these phenomena have been seen in other sys-
tems; the class of redbacks is largely defined by these phe-
nomena, and redbacks are being discovered in increasing
numbers (Hessels et al. 2011; Ray et al. 2013). And yet
if these objects regularly undergo accretion, why have
we not detected many more LMXBs? A normal LMXB
at the usual distance for these redbacks would certainly
have been detected by all-sky monitors. The answer to
this question may be hinted at by J1023’s active episode:
J1023 never became very bright during its active phase,
in spite of evidence for the presence of a disc. Archibald
et al. (2009) suggested that J1023 might have under-
gone “propeller-mode accretion,” in which material is
ejected rather than accreting onto the neutron-star sur-
face, but other possibilities exist. There are also emerg-
ing categories of faint and very faint LMXBs, which never
seem to become very bright during their outbursts. So
while we think it likely that sources with Roche-lobe-
filling companions, ionized material in the system, and
orbital period variations — in short, redbacks — will
undergo active phases, and while the active phase of
PSR J1824−2452I was X-ray bright, these active phases
may in many cases be quite X-ray faint.
7. CONCLUSIONS
J1023 exhibits a variety of observational phenomena:
eclipses, excess dispersion measure, short-term disap-
pearances of signal, and orbital period variations. The
origin of these phenomena is not clear, but a magnetically
active companion may be able to explain several: the
eclipses may be the result of ionized material trapped in
a bubble supported against the pulsar wind by the com-
panion’s magnetic field. The excess dispersion measure
and disappearances of signal may be due to blobs or ten-
drils of magnetically trapped material extending outside
the primary bubble in the manner of solar prominences.
Finally, the orbital period variations may be the result of
the mechanism of Applegate (1992), in which this same
magnetic field slows the companion slightly below coro-
tation, and in which magnetic fields internal to the com-
panion transfer angular momentum to and from the sur-
face layers, modifying the companion’s quadrupole mo-
ment and thus the system’s orbital period. A magnet-
ically active companion is plausible in light of the fact
that the companion resembles a main-sequence star and,
with a rotational period approximately equal to the sys-
tem’s 0.198-day orbit, the companion is also a rapid ro-
tator. That said, a magnetically active companion would
presumably still be undergoing magnetic braking, which
should drive Roche lobe overflow and hence active accre-
tion: it is difficult to explain why such a system would
not appear as a normal accreting X-ray binary. In fact,
models of binary evolution predict that at companion
masses of ∼0.3M the companion should become fully
convective and lose its magnetic field. In J1023 we find it
difficult to reconcile a non-magnetic companion with the
eclipses, observed modest density of the outflowing ma-
terial, and orbital period variations. Magnetic braking
is a very poorly understood process, so perhaps detailed
study of J1023’s current state may clarify the role of mag-
netic braking in binary evolution, and may even allow
direct study of a system undergoing magnetic braking.
There are several promising avenues for further study
of J1023. Careful optical observations to check for lu-
minosity variations in the companion would help clarify
whether the GQC mechanism can plausibly be acting in
the system, and if not, might help clarify other possible
mechanisms. Multicolor light curve modeling and pos-
sibly orbital-phase-resolved optical spectroscopy might
clarify how close the companion is to filling its Roche
lobe, and asymmetries in the light curve might give some
indication of the mechanism by which the companion is
irradiated. Further X-ray observations, particularly if
high time resolution is available, might make it possible
to distinguish X-rays from the pulsar itself from X-rays
originating in a shock region, possibly even revealing the
shock geometry.
Now that J1023 appears to have entered another active
phase, we anticipate active research into its unusual ac-
cretion state. The description of J1023 in its radio pulsar
state that we provide should provide a detailed picture
of the system geometry and a solid basis for comparison
with the system’s behaviour in the active state. When
the active phase ends and the radio pulsar again becomes
active, timing the pulsar should provide extremely valu-
able constraints on the accretion models: propeller-mode
accretion, for example, is expected to slow the pulsar
down, while a state in which the light cylinder remains
clear should not. Close monitoring of this very unusual
system should clarify our picture of the last stages of
accretion and the birth of a millisecond pulsar.
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